Graphene antidot lattices (GALs) offer an attractive approach to band-gap engineering in graphene. Theoretical studies indicate that the size of the opened gap is sensitive to the shape, size, and architecture of the nanoholes introduced into the graphene sheet. We have investigated the temperature-dependent electrical conductivity of GALs comprising 50-nm-diameter nanoholes with a pitch of 80, 100, and 200 nm, respectively. The data reveal the presence of localized states within a transport gap, whose interactions lead to a soft Coulomb gap and associated Efros-Shklovskii variable range hopping (ES-VRH). This conduction type is preserved upon application of magnetic fields up to 1 Tesla, above which a transition to Mott variable range hopping occurs. Such a crossover can alternatively be introduced at zero magnetic fields by increasing either the nanohole spacing or the gate-controlled carrier concentration. Furthermore, at intermediate magnetic fields, the hopping exponent assumes a value of 2/3, as predicted by percolation theory for ES-VRH under this condition.
I. INTRODUCTION
The strong potential of graphene for future electronic applications and its fundamental physics have attracted extraordinary attention. 1, 2 However, despite considerable recent progress in the synthesis and controlled manipulation of graphene, its lack of a band gap has posed strong limitations on the development of technologically relevant graphene-based electronic devices. 1, 2 One possibility to overcome this hurdle is the use of graphene nanoribbons (GNRs), 3, 4 or graphene antidot lattices (GALs). [5] [6] [7] [8] [9] The latter represent an interconnected array of GNRs within a graphene sheet and correspondingly allow for enhanced driving currents. Like their counterparts defined within semiconductor heterostructures, GALs are expected to exhibit a wide range of intricate transport properties, especially in magnetic fields where the competing length scales lead to rich physics. According to numerous theoretical studies, [5] [6] [7] [8] [9] GALs offer the principal possibility of tuning the size of the gap via the antidot lattice parameters, specifically the diameter, shape, and separation of the nanoholes. In particular, it has been predicted that the size of the band gap in GALs scales inversely with the neck width. 9 While experimental studies have provided hints for band gap opening in GALs with neck widths of the order of 20 nm, 10 only little is known about the influence of the geometry of the nanohole array on the charge transport behavior of GALs. Furthermore, the nature of the band gap, i.e. whether it is robust or rather represents a charge transport gap arising from localization due to disorder, has not yet been established. In this paper, we explore in detail the band gap characteristics of GALs with different geometries using temperature-, concentration-, and magnetic field-dependent electrical transport studies. As summarized in Table I , the diameter of the circular nanoholes in the investigated samples was kept at 50 nm, while the holes were arranged in either hexagonal or cubic geometry, and their (center-to-center) separation was varied between 80 and 200 nm.
II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Sample preparation
The graphene sheets were deposited by hot exfoliation onto silicon substrates covered with a 300-nm layer of thermally grown SiO 2 . This method is similar to standard exfoliation 11 except that the deposition on the Si/SiO 2 substrate is done at an elevated temperature to gain a higher yield of monolayers. The substrates were first heated to 160
• C and then left to cool down to about 60
• C, at which temperature the graphene was deposited from the scotch tape. Afterwards, the samples were annealed in argon at 250
• C, which was directly followed by a first e-beam lithography (EBL) step to define four-probe Cr/Au (2/100 nm) contacts. In a second EBL step, the etching mask for the nanohole pattern was defined within a single layer of poly(methyl methacrylate) (PMMA). Subsequently, the graphene underneath the exposed areas was etched away by reactive ion etching. All electrical measurements on the graphene antidot lattices were preformed with standard ac techniques at low enough currents to avoid heating effects in the high-resistance regime. In total, three different substrates with, in total, seven GAL devices were investigated. The field-effect mobility of the GAL devices was found to reach values up to 5000 cm 2 /Vs at 4 K. The charge neutrality points of both the antidot lattice and pristine graphene samples occurred around a back-gate voltage of 10 V, indicating the good quality of the GALs even without annealing.
B. Transport in graphene antidot lattices at B = 0 T Figure 1(a) shows the temperature-dependent conductivity at the charge neutrality point (CNP) of a GAL with 100-nm separation between cubically arranged nanoholes (sample no. 4). From the dependence of the conductance on the carrier concentration, it is apparent that, at low temperatures, a (transport) gap opens at the Dirac point [see Fig. 1(b) ]. 6, [8] [9] [10] With rising temperature [ Fig. 1(a) CNP increases exponentially according to
where σ 0 ≈ e 2 /h. 12 Here T 0 and the exponent ν depend on the conduction mechanism. Fitting this equation to the measured temperature-dependent conductivity [see Fig. 1 Table I . For all samples, except no. 7 with the largest nanohole separation (200 nm), the exponent is close to 1/2, which is indicative of two-dimensional Efros-Shklovskii variable range hopping (ES-VRH) between localized states. These localized states are most likely positioned at the nanohole edges. 6, 12 For ES-VRH transport, T 0 is given by
where ξ is the localization length, k B the Boltzmann constant, ε 0 the vacuum permittivity, ε the dielectric constant of graphene, e the electron charge, and β = 2.8 a constant.
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Values of the product εξ calculated using this equation and the extracted T 0 values are included in Table I . Assuming a dielectric constant of ε = 2.4 for graphene on SiO 2 , 13 a localization length of about 300 nm is obtained for sample no. 4 [cf. Fig. 1(a) ]. The variation between the four 50-nm (hole diameter)/100-nm (hole spacing) cubical GAL samples, especially regarding the T 0 value, can be ascribed to variations in the nanohole dimensions due to the nonideal graphene etching step and different degrees of unintentional chemical functionalization of the hole edges. Also, the surface doping or related position of the CNP is important for the T 0 value, as will be shown below.
In addition, the hopping distance R hop and hopping energy E hop of the charge carriers, as well as the Coulomb gap E CG , were calculated from T 0 using the following equations:
12,14,15
The obtained values, collected in Table I , show three notable trends upon variation of the GAL geometry. Firstly, increasing the nanohole density through decreasing the nanohole spacing 045445-2 (sample no. 1) results in a strong increase in T 0 and therefore a decrease in the product εξ . This change suggests a corresponding decrease of either the dielectric constant or the localization length or both. In Table I , ε is assumed to be constant. The hopping distance (at T = 10 K) is found to be about twice the separation between the nanoholes in the respective samples. With decreasing nanohole spacing, the hopping distance also decreases, as can be expected since the localized states at the nanohole edges move closer together. At the same time, the Coulomb gap (CG) increases as a result of the stronger localization and increased Coulomb interactions. The CG emerges as a linear gap 16 in the localized density of states between the two mobility edges at the border of the transport gap [see Fig. 1(c) ]. The minimum of the CG is by definition always located at the Fermi energy. To probe the CG minimum as a function of charge carrier concentration, we performed measurements with applied back-gate voltage [see Fig. 2(a) ]. It can be discerned that, with increasing electron or hole concentration, the CG is strongly reduced, indicating interactions become less important as more carriers are available for screening of the localized states. At moderate concentrations of |n| ≈ 2 × 10 11 cm −2 , the conductivity exponent changes from 1/2 to 1/3, such that the CG is no longer important below a value of E CG ≈ 2 K, and the charge transport is governed by Mott-VRH without Coulomb interactions. 12 In the high-doping regime |n| > 4 × 10 11 cm −2 , the temperature dependence of the conductance is no longer characteristic of VRH transport, but rather changes from exponential [Eq. (1), Fig. 1(a) ] to logarithmic [Fig 2(b) ], which is typical for weak localization:
In this equation, p is the exponent for the temperature dependence of the phase breaking rate, τ with the values found for graphene 18 and for heavily doped GALs. 10 The second trend observable in Table I is a drop of the exponent ν from ∼0.5 to ∼0.26 (sample no. 7) upon decreasing the nanohole density by increasing the dot spacing. This change suggests a transition toward Mott variable range hopping (Mott-VRH) in two dimensions, which is characterized by an exponent of 1/3 for a two-dimensional system. 12 It is noteworthy that a similar transition has been documented for graphene covalently functionalized with fluorine, 19 albeit the functionalization pattern is quite likely more random compared to the present samples. In fluorinated graphene, charge transport was found to occur via ES-VRH at higher functionalization degrees (equivalent to a high density of localized states), whereas at lower fluorine content, the transport was dominated by Mott-VRH. Such a transition is in accordance with theory predicting that for lower densities of localized states, the average hopping distance increases, and correspondingly the Coulomb gap becomes less relevant, and a constant density of states g 0 prevails. 15, 19 The third remarkable trend in Table I relates to the effect of sample annealing, which was performed at 125
• C for 4 h with the aim of removing surface contaminants (mostly water). As apparent from Fig. 2(c) , the annealed sample no. 2 exhibits a strong increase of the resistance maximum, and the CNP is shifted closer to zero gate voltage. Concomitantly, there is a strong increase of T 0 , which in turn leads to an enhanced CG. These observations suggest that also the unintentional doping atoms at the graphene surface have a profound influence on the strength of the Coulomb interactions and cause weaker localization similar to the effect of increasing the carrier concentration via the back gate. Highly doped GALs 10 are therefore expected to show weak localization behavior instead of the strong localized VRH observed in our samples. 
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C. Transport in graphene antidot lattices at B = 0 T
In order to further evaluate the charge transport mechanism in the GALs, we measured their electrical resistance under applied magnetic field. First, we address the transport properties at high magnetic fields between 2 and 10 Tesla, where the conductance is of the order of e 2 /h, and charge transport no longer occurs via VRH. In this regime, the resistance shows an oscillatory behavior as a function of magnetic field [see Fig. 3(a) ], which can be ascribed to Aharonov-Bohm-(AB) type oscillations around the individual nanoholes. 20, 21 In general, the AB oscillations were found to be most prominent around the CNP, while upon varying the back-gate voltage, the oscillation period changed only slightly in a sample-dependent manner. The AB oscillation period is given by B = ϕ 0 /A, Fig. 4(c) ], respectively, which is ascribable to charge carriers which move a second (third) time phase coherently around the hole. This yields an estimate of the phase coherence length as three times half the circumference of the closed paths, corresponding to a value of L ϕ ≈ 495 nm. In the same manner, a phase coherence length of L ϕ ≈ 375 nm is derived for sample no. 4 . Similar values have recently been gained from magnetoresistance oscillations in GALs prepared on SiC (∼100 nm at 1 K). 21 Next, we take a closer look at the magnetoresistance behavior at the CNP at sufficiently low B fields to be still within the VRH regime. In Fig. 4(a) , the magnetoresistance is plotted for three different samples at the CNP for magnetic fields up to 4 Tesla. The bare graphene device (sample no. 8) shows a small positive magnetoresistance. A similar behavior is observed for the cubic GAL with 200-nm nanohole spacing (sample no. 7), although it displays an appreciably stronger resistance increase at higher magnetic fields. The cubic GAL with 100-nm spacing (sample no. 6) also shows a similar positive magnetoresistance at moderate magnetic fields, but is combined with a pronounced quasilinear resistance decrease at magnetic fields below ∼1 Tesla. A similar dependency in the VRH regime was found for the other samples with 100-nm spacing (no. 2, 3, 4, 5), as well as sample no. 1 with 80-nm spacing. The pronounced, quasilinear negative magnetoresistance observed for all these samples at lower magnetic fields is indicative of a strong change in the hopping probability. 23, 24 The hopping probability is determined by interference between many paths connecting localized states at sites A and B separated by the hopping distance R hop . Numerical averaging of the logarithm of the conductivity over many random impurities leads to a net linear decrease of the resistance with magnetic field above a threshold field B c = h/(2πe R 3/2 hop ξ 1/2 ), while for lower field strengths the MR depends on B 2 . 25 In the specific case of sample no. 6, this threshold field is calculated to be B c = 6 mT, which is below the minimum applicable value in our experiments, thus explaining why a purely linear B-field dependence is visible in Fig. 4(a) . The negative linear MR is characterized by the flux penetrating an area A nMR of the order of R hop 3/2 ξ 1/2 . 24 For samples no. 6 and 4, this implies that, in order for this interference effect to be observable, a charge carrier needs to be phase coherent around half the circumference of this area A nMR , corresponding to ∼580 and ∼390 nm, respectively. This length, although determined in a different magnetic field range, is in reasonable agreement with the extracted phase coherence lengths L ϕ ≈ 500 nm (sample no. 6) and L ϕ ≈ 375 nm (sample no. 4), as derived from Aharonov-Bohm (AB) oscillations observed at high magnetic fields. 22 At high carrier concentrations |n| > 4 × 10 11 cm −1 , i.e. within the weak localization regime, the magnetoresistance shows a similar, albeit considerably weaker negative MR. This nMR or positive magnetoconductance can be reasonably described by a weak localization correction to the conductivity [see Fig. 4(b) ], in analogy to highly doped GALs. 10 Fitting the weak localization data of sample no. 5 [dashed red line in Fig. 4(b) ] yields a phase coherence length in the weak localization regime of L φ = 20 nm, an intervalley scattering length of L i = 11 nm and a scattering length of L * = 3 nm. These values are in reasonable agreement with weak localization measurements on highly doped GALs with similar dimensions. 10 One plausible explanation for the discrepancy between the phase-coherence length obtained from the VRH regime and the WL regime is the considerably higher density of induced charge carriers in the latter. These charges are expected to screen localized states and thus render long phase-coherent hops between them unlikely. This picture is in agreement with the fact that, in our experiments, we did not observe any B-dependent (AB-type) oscillations in the WL regime.
Furthermore, we explored the temperature dependence of the conductance at the CNP under constant magnetic field. Analogous to the analysis in Figs. 1(a) and 1(b) , the temperature-dependent conductivity curves taken at magnetic fields B = 0, 0.5, 1, 2, and 4 T were fitted using Eq. (1) with T 0 and the exponent ν as a fitting parameter. In Fig. 4(c) , the exponent ν obtained in this manner is plotted as a function of applied magnetic field. With rising magnetic field, the exponent is seen to increase from a value of ∼1/2 to ∼2/3, followed by a decrease back toward 1/2. The observed initial increase to an exponent of 2/3 is consistent with predictions by percolation theory applied to ES-VRH within a 2D system, 26 according to which the conductivity under applied magnetic field is given by
where T 0,B = te 2 /4πε 0 εk B l B . In the latter equation, t is a constant, and l B = √ (h/eB) is the magnetic length. It is noteworthy that in previous charge transport studies of semiconductor 2DEGs, this transition could not be observed, as it was most likely obscured by the predominance of Mott-VRH within this B-field range. 12, 27, 28 The extracted T 0,B values are quite low, respectively, 17 ± 1 K (at B = 1 T) for samples 3-5 and 81 ± 10 K (at B = 4 T) for sample 1. These results could be validated by fitting Eq. (6) to the magnetic field-dependent transport data in a different way, i.e. using fixed T and variable B [see e.g. Fig. 4(a) ]. In the relevant magnetic field range between 0.5 and 1.5 Tesla, the logarithm of the conductance depends linearly on B 1/3 , which according to Eq. (6) yields T 0,B = 16 ± 2 K (at T = 1.4 K and B = 1 T) for the same samples, in close agreement with the above values obtained from the temperature-dependent fits of Eq. (6) . Assuming a comparable dielectric constant for the GAL samples and pristine graphene, 8 the low values of T 0,B indicate that the constant t is notably reduced due to, for example, the influence of quantum interference effects. 26 This scenario gains support from the observed strong negative magnetoresistance as well as theoretical studies indicating a significant influence of an applied magnetic field on the hopping probability. 29 The observation that, at higher magnetic fields (>2 Tesla), the exponent of ν = 1/2 is resumed is characteristic of VRH in 2D systems and has been commonly ascribed to a transition from ES-VRH to Mott-VRH. 15, [26] [27] [28] The increased B field is required to sufficiently reduce the Coulomb interactions and render the Coulomb gap less influential. Under such a condition, ES-VRH can only be recovered by lowering the temperature. 12, 14, 15 Another effect of the magnetic field is shrinkage of the wave function, which leads to weak positive magnetoresistance, as observed in our experiments [cf. Fig. 4(a) ].
III. CONCLUSION
In summary, by studying a set of graphene antidot lattices with different geometry, we showed that a transport gap is opened whose characteristics depend on the nanohole arrangement, the strength of an externally applied magnetic field, as well as the charge carrier density in the patterned sheets. Specifically, up to a magnetic field of 1 Tesla, charge transport is governed by Efros-Sklovski (ES) VRH between localized states inside the gap, reflecting the importance of Coulomb interactions. Upon increasing the B field, the hopping conduction displays a transition from ES-to Motttype between 1 and 2 Tesla. This transition can alternatively be induced by increasing the charge carrier concentration or the nanohole spacing in the samples.
